ABSTRACT: Mortality and long-term sequelae rates are high among adults and children with acute bacterial meningitis. Adjunctive treatment with dexamethasone has been shown to reduce systemic complications in bacterial meningitis patients, but corticosteroid treatment may have detrimental effects on hippocampal function. We evaluated the effect of dexamethasone treatment in addition to antibiotic therapy in a rabbit model of Escherichia coli meningitis. A moderate anti-inflammatory effect of dexamethasone could be demonstrated with respect to the inflammatory mediator prostaglandin E2, whereas no significant effect of dexamethasone on tumor necrosis factor-␣, cerebrospinal fluid pleocytosis, protein, lactate, indicators of global neuronal damage, or blood gas analysis was found. Dexamethasone, however, increased the rate of apoptotic neurons in the granular layer of the hippocampal dentate gyrus. In view of the proapoptotic effect of adjunctive dexamethasone on hippocampal neuronal cells in animal models of Gram-positive and Gram-negative meningitis, the application of dexamethasone should be considered carefully in those forms of bacterial meningitis for which no evidence-based data of beneficial effect in humans are available, such as neonatal meningitis, bacillary Gram-negative meningitis or nosocomial forms of meningitis (e.g. following neurosurgery). 
B
acterial meningitis continues to be associated with high mortality and neurologic sequelae rates worldwide. Neurologic sequelae include epileptic seizures, mental retardation, and learning disorders. The impairment of the CNS is caused by stimulation of the host's systemic and local immune defense (invasion of leukocytes, activation of resident immune cells such as microglia, dysfunction of the blood-brain barrier, release of cytokines) and by direct toxicity of bacterial products (1) . Standard therapy for bacterial meningitis is based on high doses of bactericidal cell wall-acting antibiotics such as ␤-lactams or vancomycin, which act by bacteriolysis. Despite rapid sterilization of the CSF, worsening of clinical symptoms after initiation of antibiotic treatment during meningitis has been frequently observed, most probably as a consequence of a burst of inflammation caused by the liberation of proinflammatory bacterial compounds (2) . In accord with these clinical observations, a mouse model of pneumococcal meningitis showed an immediate massive increase of glial fibrillary acidic protein as an indicator of parenchymal glial activation after onset of bacterial killing by ceftriaxone (3) . Elevated levels of inflammatory mediators such as cytokines and prostaglandins are common in the CSF of infants and children with bacterial meningitis and useful in evaluating the intensity of the inflammatory process in the CNS (4, 5) .
Adjunctive treatment with dexamethasone is an important anti-inflammatory approach investigated with conflicting results during the last decades. Several important studies have been published recently. In 2002, the European Dexamethasone in Adulthood Bacterial Meningitis Study showed a beneficial effect of adjunctive dexamethasone treatment on clinical outcome at 8 wk in patients with pneumococcal meningitis (6) . A post hoc analysis of this study revealed that the beneficial effect of dexamethasone on mortality rate was attributable to a reduction of systemic complications, comparable to low-dose corticosteroid treatment in patients with septic shock (7). In the meningitis study, however, no reduction of the frequency of neurologic sequelae after the observation period of 8 wk could be demonstrated (8) . The beneficial effect of adjunctive dexamethasone treatment observed in European countries was absent under the conditions of developing countries (9, 10) .
In contrast to the anti-inflammatory and putatively beneficial effect of glucocorticoids, dexamethasone aggravates the apoptotic neuronal damage in the hippocampal dentate gyrus in animal models of pneumococcal meningitis (11, 12) , resulting in greater learning and memory impairment (12) . Neuronal apoptosis also occurs in the hippocampal formation of patients during bacterial meningitis (13) , and bilateral hippocampal atrophy seen by magnetic resonance imaging in patients who survived meningitis is considered one cause of the frequent long-term neuropsychological and cognitive sequelae (14) . Presently, under conditions in developed countries, adjunctive dexamethasone is unequivocally beneficial in children with
Haemophilus influenzae meningitis (15, 16) and in adults with pneumococcal meningitis (8) . Routine use of dexamethasone is currently not recommended for the treatment of meningitis caused by less common pathogens, such as in neonatal meningitis, bacillary Gram-negative meningitis, and nosocomial meningitis (17, 18) .
The present study addresses whether the detrimental effect of dexamethasone on the hippocampal dentate gyrus is a feature of experimental pneumococcal meningitis only, or whether it also occurs with other pathogens. Escherichia coli K1 is the most common Gram-negative organism causing neonatal meningitis with high mortality and long-term sequelae (19, 20) . In adults, spontaneous meningitis due to non-H. influenzae-Gram-negative bacilli (mostly E. coli) usually occurs in immunocompromised patients or following accidental or neurosurgical trauma of the head or the spine, but is also observed as community-acquired meningitis in the elderly (21, 22) . Here we evaluated the effect of adjunctive dexamethasone treatment in a rabbit model of Gram-negative E. coli-meningitis on the inflammatory response within the CSF and neuronal damage.
METHODS
Pathogen. An E. coli K1-strain isolated from a child with neonatal meningitis (gift of Dr. G. Zysk, Institute of Medical Microbiology, Düssel-dorf, Germany) was cultured on blood agar plates at 37°C, harvested with 0.9% saline and preserved in aliquots containing 10 10 CFU/mL at -70°C. Minimal inhibitory concentration and minimal bactericidal concentration for ceftriaxone determined by broth microdilution were 0.0625 and 0.125 mg/L, respectively.
Animal model. Animal experiments were performed in accordance with national animal experimentation guidelines and were approved by the District Government of Braunschweig, Lower Saxony. Anesthetized rabbits were infected by intracisternal injection of 300 L saline (23) containing log 10 3.5 CFU (median, log 10 3.4 -4.8 CFU) E. coli. Cisternal CSF and arterial blood were drawn at 0, 12, 14, 18, and 24 h. At each time point, CSF leukocytes were counted and bacterial titers were determined. The remaining CSF as well as the arterial blood anticoagulated with EDTA were immediately centrifuged at 3000 ϫ g for 10 min, and the supernatants were frozen in liquid nitrogen and stored at -70°C. At 23.5 h post infection, an arterial blood gas analysis was performed (Radiometer ABL 605, Diamond Diagnostics, Holliston, MA) to determine arterial oxygen (PO 2 ) and carbon dioxide tension (PCO 2 ) and pH. The animals were killed at 24 h post infection (23) .
Treatment. Before infection, animals were randomized for treatment with dexamethasone or an equal volume of saline. Twelve hours post infection, all animals (n ϭ 34) received intravenous antibiotic treatment (ceftriaxone, 125 mg/kg body weight, Hoffmann-La Roche, Grenzach-Wyhlen, Germany). In 17 animals, dexamethasone was administered as bolus injection intravenously (1 mg/mL dexamethasone in saline) 15 min before onset of antibiotic treatment and 6 h later. In a second trial, uninfected controls (n ϭ 8) undergoing the same procedure including anesthesia, intracisternal injection of 300 L saline, ceftriaxone treatment, and repeated withdrawal of CSF and blood, were randomized for treatment with dexamethasone or saline. Dexamethasone (Ratiopharm, Ulm, Germany) was administered in a dose of 1 mg/kg body weight to compensate different clearance rates between rabbits and infants (usual dose in children: 0.15 mg/kg body weight). In humans, pharmacokinetic data are available for doses of 0.10 -0.37 mg/kg body weight [clearance of healthy adult men: 0.189 L/h/kg (24) ; clearance in neonates: 0.143 L/h/kg (25) ]. In rabbits, the dexamethasone clearance was determined after intravenous application of 2 or 10 mg/kg body weight: The clearance decreased with higher doses, suggesting nonlinear pharmacokinetics (26) . Thus, the clearance of dexamethasone after application of 1 mg/kg in rabbits is probably substantially higher than the dexamethasone clearance after application of 2 mg/kg (0.312 L/h/kg) (26) and therefore a multiple of the clearance in infants and children. Accordingly, most studies with rabbits used dexamethasone doses of 1 mg/kg or more for a variety of disease models, including meningitis (27-29).
Analysis of CSF. Protein content was quantified using the BCA Protein Assay (Pierce, Rockford, IL), with BSA as standard according to the manufacturer's instruction. CSF lactate was determined enzymatically (Rolf Greiner Biochemica, Flacht, Germany). The global neuronal destruction marker NSE was quantified in CSF by ELISA with mouse anti-human MAb against the ␥-subunit of NSE (DRG Instruments, Marburg, Germany). PGE2 in CSF was quantified using a commercially available enzyme immunoassay (R & D Systems, Minneapolis, MN). Tumor necrosis factor-␣ (TNF-␣) was measured in CSF by ELISA. A polyclonal sheep anti-rabbit TNF-␣ antibody was used as coating antibody, a polyclonal biotin-labeled sheep anti-rabbit TNF-␣ antibody was used as detection antibody [both in-house preparations of the National Institute for Biologic Standards and Control (NIBSC), Potters Bar, Hertfordshire, England] and TNF-␣-containing conditioned medium (BD PharMingen, San Diego, CA) was used as standard. CSF bacterial titers were quantified by plating serial 10-fold dilutions on blood agar plates, which were subsequently incubated for 20 h at 37°C (30) . Ceftriaxone concentration in plasma and CSF was determined by the agar well diffusion technique in Mueller-Hinton agar with E. coli (ATCC 25922), as described previously (30) .
Histopathology. Immediately after sacrifice, the animals' brains were removed and fixed in 4% paraformaldehyde and embedded in paraffin. In situ tailing and HE staining were performed as described previously (23) .
Quantification of apoptotic neurons. Four coronal sections from each rabbit's left hemisphere were histologically analyzed using the Analysis Software Imaging System (BX51, Olympus, Hamburg, Germany; software AnalySIS 3.2, Soft Imaging System GmbH, Münster, Germany). In coded sections, a blinded observer quantified apoptotic cells with typical morphology after in situ labeling of DNA strand breaks. The number of apoptotic neurons was related to the area of the granule cell layer of the hippocampal dentate gyrus, measured in an adjacent HE-stained section.
Estimation of ischemic neuronal damage. An estimate was made of the extent of ischemic damage by histologic evaluation of 4 HE-stained coronal sections of the hippocampal region per animal. The ischemic areas were morphologically identified and expressed as percentage of the areas of the whole section.
Statistical analysis. In the presence of normal Gaussian distribution, parameters of two groups were compared using an unpaired t test. In the absence of normal distribution statistical analysis was performed using the two-tailed Mann-Whitney U test. To compare apoptosis rates between all four animal groups (uninfected controls, uninfected dexamethasone-treated rabbits, infected controls, and infected dexamethasone-treated animals), twotailed ANOVA with the Tukey-Kramer multiple comparisons test was performed. A p value Ͻ0.05 was considered significant.
RESULTS

Characteristics of disease.
The course of disease in this rabbit model of E. coli meningitis was faster than the progression previously observed in pneumococcal meningitis. Two of 17 and 3 of 17 rabbits in the dexamethasone-treated group and the control group, respectively, died before the end of the experiment. Only animals surviving 24 h post infection were included in the analysis to avoid effects of survival time on neuronal apoptosis or infarction rate. Animals dying prematurely did not differ substantially from the surviving animals in body temperature, CSF pleocytosis, and bacterial load. Twelve hours after intracisternal inoculation of E. coli, rabbits developed full clinical presentation of meningitis [bacterial CSF load log 10 7.78 (5.00 -9.60) (median, min, max)] and septicemia [bacteriemia of log 10 3.00 CFU/mL (log 10 Ͻ 2.0, 5.30 (median, min, max)] without relevant differences between the two treatment groups. Systemic inflammation parameters in E. coli meningitis including body temperature, arterial PO 2 , PCO 2 and pH at 23.5 h post infection did not differ significantly between the dexamethasone-treated and the control group (Table 1) .
CSF analysis. Maximal CSF concentrations of PGE2 were reached at 14 h post infection in both groups. The antiinflammatory activity of dexamethasone resulted in a significant reduction of CSF PGE2 concentrations in the dexametha-211 sone-treated group at 18 h (p ϭ 0.02, t test, Fig. 1A ). The TNF-␣ maximum CSF concentration was also reached at 14 h post infection, with a remarkable but not significant reduction by adjunctive dexamethasone treatment (p ϭ 0.40, U test, Fig. 1B) . A weak effect of dexamethasone treatment on CSF protein and lactate concentrations was noted when the mean values at 12 and 24 h between the treatment groups were compared, but this difference also failed to reach statistical significance ( Table 1 Global neuronal damage. NSE in CSF as an indicator of neuronal destruction was quantified at 12 h and 23.5 h after infection (Table 1 ). Comparable to normal human CSF [5-20 ng/mL, (31)], NSE in uninfected rabbit CSF ranged from 8 to 15 ng/mL (n ϭ 5). During E. coli meningitis, we observed higher concentrations of NSE than in pneumococcal meningitis (11) . Histologically, cerebral infarctions were present in a higher percentage than in pneumococcal meningitis, ranging from no detectable infarction area in most animals to large infarction areas in a few rabbits (ischemic area: maximum 37%, median 0%). The NSE concentration in the CSF moderately correlated with the rate of neuronal apoptosis (Spearman's rank correlation coefficient r S ϭ 0.46, p ϭ 0.03), whereas no correlation was found between NSE concentration and cerebral infarction rate because of the high number of animals without detectable infarctions. Neither the NSE concentration at 23.5 h post infection, nor the percentage of cerebral infarction 24 h after infection differed significantly between dexamethasone-treated and control animals ( Table 1 , p ϭ 0.80 and 0.33, respectively, both U test).
Neuronal apoptosis in the hippocampal dentate gyrus. Neuronal apoptosis was regularly observed in this rabbit model of E. coli meningitis in the granule cell layer of the dentate gyrus at 24 h after infection. Apoptotic cells were identified by in situ labeling of DNA strand breaks and confirmed by morphologic criteria. In experimental E. coli meningitis the rate of apoptotic neurons ranged from 38.6 to 570 per mm 2 (area of the granule cell layer). To ensure that the observed neuronal apoptosis was caused by meningitis, control animals without bacterial infection were investigated. Previously healthy rabbits that were killed immediately with- 212 out long-term anesthesia exhibited approximately 10 apoptotic neuronal cells/mm 2 in the hippocampal dentate gyrus (11) . In uninfected rabbits subjected to the experimental procedure applied in this project, including long-term anesthesia, antibiotic treatment with ceftriaxone, and repeated suboccipital punctures, approximately 40 apoptotic neurons/mm 2 were detected. Adjunctive dexamethasone treatment of these uninfected rabbits revealed a slight nonsignificant increase of the mean rate of neuronal apoptosis (49.6 Ϯ 31.5 versus 41.2 Ϯ 14.7, mean Ϯ SD, p ϭ 0.65, t test) as a consequence of the relatively high apoptosis rate in one animal (Fig. 2) . This rabbit suffered from artificial subarachnoid hemorrhage caused by accidental bloody suboccipital puncture, exceptionally occurring during this model. In rabbits with E. coli meningitis the rate of neuronal apoptosis was substantially higher than in uninfected rabbits. In dexamethasone-treated rabbits with E. coli meningitis the rate of neuronal apoptosis was significantly increased in comparison to infected control animals (p Ͻ 0.01, ANOVA with Tukey-Kramer multiple comparison test, Fig. 2) .
DISCUSSION
In the present study, dexamethasone as adjunctive therapy for Gram-negative E. coli-meningitis resulted in an increased rate of apoptotic neuronal cell death in the hippocampal dentate gyrus of experimental rabbits. This finding confirms and expands previous observations in animal models of pneumococcal meningitis, where dexamethasone also led to an increased hippocampal neuronal apoptosis rate (11, 12) . Thus, the induction of hippocampal apoptotic neuronal cell death by dexamethasone occurs both in Gram-positive and Gramnegative meningitis.
Neurons in the hippocampal formation possess a high density of glucocorticoid and mineralocorticoid receptors (32) . A complex interaction exists between systemic corticoid levels and cell viability of hippocampal neurons: activation of mineralocorticoid receptors prevents granule cell apoptosis and stimulation of glucocorticoid receptors facilitates it (33) . Because in uninfected rabbits only a weak increase in the mean rate of neuronal apoptosis was found after dexamethasone treatment, we conclude that in healthy animals the proapoptotic effect of the dexamethasone dose chosen was minimal. The proapoptotic effect of dexamethasone in Gram-positive and Gram-negative meningitis is probably a result of several effects, including inhibition of glutamate reuptake and free radicals resulting in an increased susceptibility of dentate granule cells to adjunctive glucocorticoid treatment (34) .
Hippocampal neuronal cell death is considered one morphologic correlate of the frequent neuropsychological deficits in survivors of bacterial meningitis. A detrimental effect of glucocorticoid application on neuropsychological function in patients has been described in human newborns treated for lung disease of prematurity (35) or adult patients treated for chronic systemic diseases (36) . The suspicion that dexamethasone may aggravate neuropsychological deficits in patients with meningitis as a consequence of hippocampal neuronal cell death is supported by experimental data in the infant rat pneumococcal meningitis model, where dexamethasone reduced the animals' learning capacity (12) . No detrimental effect of dexamethasone application was found on the global neuronal damage marker NSE or with regard to the frequency and severity of cerebral ischemic damage.
Comparable to a beneficial effect of low-dose glucocorticoid administration in sepsis (7), the European Dexamethasone Study showed a reduced morbidity and mortality of adjunctive dexamethasone treatment (6), attributable to a reduction of systemic complications (8) . In infants and children, a dexamethasone-induced decrease of mediators of inflammation in the CSF including PGE2 has been described (4) . Similarly, in the rabbit model of Streptococcus pneumoniae meningitis, dexamethasone modulated the secondary inflammatory response induced by the onset of bacteriolytic antibiotic treatment in animals with high initial bacterial concentrations (Ն5.6 log 10 CFU/mL) (27) . According to these data, especially patients with high bacterial load should benefit from antiinflammatory dexamethasone treatment or other Figure 2 . Neuronal apoptosis of granule cells of the hippocampal dentate gyrus visualized by in situ tailing. In uninfected rabbits, no significant difference was found in the rate of apoptotic neurons between dexamethasone-treated animals (DXM) and controls (C), whereas under conditions of experimental E. coli meningitis, adjunctive treatment with dexamethasone (B) resulted in a significant increase in the density of apoptotic granule cells in comparison to infected controls (A, C) (*p Ͻ 0.01, ANOVA with post test). In (C), symbols represent single measurements of each individual animals (uninfected controls: empty triangles; uninfected dexamethasone-treated animals: empty diamonds; infected controls: black triangles; infected dexamethasone-treated animals: black diamonds), and horizontal bars represent means.
strategies to reduce the secondary inflammatory response. In this study, PGE2 and TNF-␣ were monitored as early components of the inflammatory cascade. The prostanoid PGE2 increases blood flow, vascular permeability, and edema. It mediates fever generation and interacts with various pathways of the innate immune system in a concentration-dependent manner (37) . In our model of E. coli meningitis, PGE2 and TNF-␣ peak concentrations were reached 2 h after onset of ceftriaxone treatment, reflecting the liberation of proinflammatory compounds such as endotoxin by bacterial lysis. Adjunctive dexamethasone treatment did not attenuate antibioticinduced PGE2 peak concentration but decreased PGE2 concentrations during the course of the disease (Fig. 1A) . TNF-␣ is a key trigger of the inflammatory response to Gram-negative bacteria, influencing vascular permeability, expression of adhesion molecules, establishment of a leukocyte-rich inflammatory infiltrate and production of other cytokines (38) . In our model, TNF-␣ concentrations in CSF reached and exceeded TNF-␣ levels observed in patients with disturbed consciousness [about 3000 pg/mL (39)] (Fig. 1B) . Adjunctive dexamethasone treatment decreased TNF-␣ concentrations in CSF, but this effect did not reach statistical significance. CSF leukocytes count, CSF protein, and CSF lactate are parameters of inflammation with diagnostic and prognostic relevance for bacterial meningitis. Only a slight effect of dexamethasone on these parameters resulting in a nonsignificant reduction of protein and lactate was noted. Dexamethasone had no significant effect on systemic sepsisassociated parameters such as arterial oxygen saturation and pH or on ceftriaxone concentrations in CSF and bacterial elimination.
In conclusion, the present study demonstrates an increased rate of neuronal apoptosis in the hippocampal dentate gyrus caused by adjunctive therapy with dexamethasone for E. coli meningitis, expanding previous data restricted to pneumococcal meningitis.
In developed countries the actual standard therapy of community-acquired meningitis in children and adults includes the adjunctive administration of dexamethasone additive to antibiotic treatment. In view of the proapoptotic effect of adjunctive dexamethasone on hippocampal neuronal cells in animal models of Gram-positive and Gram-negative meningitis, dexamethasone may not be the ideal adjunct. It should be used with caution in forms of bacterial meningitis for which no evidence-based data supporting benefit are available, such as neonatal meningitis, bacillary Gram-negative meningitis, or nosocomial forms of meningitis (e.g. following neurosurgery). Further investigations should focus on the evaluation of alternative treatment strategies, including neuroprotective agents.
